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E-mail address: dan.franklin@uea.ac.uk (D.J. FrankWe investigated the relationship between microplankton composition and dimethylsulphide (DMS)
concentration in the Mauritanian upwelling in July/August 2006. As well as DMS and DMSP-lyase
activity (DLA), we made some accompanying measurements of the precursor of DMS, DMSP (dimeth-
ylsulphoniopropionate) in the particulate and dissolved fraction, and photosynthetic pigments. At
well-stratiﬁed offshore stations, chlorophyll-a concentrations were low (<0.5 mg m3) with microplank-
ton biomass dominated by coccolithophores and dinoﬂagellates. Water-column stratiﬁcation became
less pronounced closer inshore and the increased CO2 fugacity and lowered sea surface temperature
indicated signiﬁcant upwelling at around 20N. The highest chlorophyll-a levels were found in this
region and in general, much higher chlorophyll-a and microplankton biomass was encountered inshore,
and the microplankton assemblage was composed of a greater abundance and diversity of diatoms with
planktonic ciliates, dinoﬂagellates, ﬂagellates, and coccolithophores a smaller proportion of the total
biomass. DMS was generally <2 nM at the most offshore stations whilst more variable (up to 14 nM)
closer inshore, reﬂecting the inﬂuence of upwelling and higher microplankton biomass. DLA was high-
est in the surface mixed layer, and the highest recorded value of DLA (45 nM DMS h1) was recorded at
the surface alongside elevated DMS at the 20N upwelling region. These data are the ﬁrst coupled mea-
surements of DMS, DLA, DMSP and microplankton species composition in an upwelling system and
emphasise the patchy nature of DMS production and its complex relationship with microplankton
species composition. This study provides a characterisation of DMS and community composition in a
productive upwelling system, a system which is predicted to undergo an intensiﬁcation of upwelling
due to climate change.
 2009 Elsevier Ltd. All rights reserved.1. Introduction
The Mauritanian upwelling system is associated with an East-
ern boundary current, the Canary current, and is subject to major
dust inputs from the Sahara. This leads to high primary produc-
tion with signiﬁcant spatial and temporal variability. The Canary,
California, Humboldt and Benguela upwelling systems are the
most biologically productive regions of the world’s oceans and
support large commercial ﬁsheries (Pauly and Christensen,
1995). For all the major upwelling ecosystems, local conditions
affect the intensity of upwelling which varies on a seasonal and
inter-annual basis (Patti et al., 2008). In the Mauritanian upwell-
ing, chlorophyll-a (chl-a) concentrations are typically elevated
(1 mg m3, as detected by satellite) between January and Mayll rights reserved.
fax: +44 (0) 1603 507719.
lin).although high chl-a levels persist year-round in the region of
20N where the main branch of the Canary current leaves the
African coast. In some years chl-a concentrations increase in re-
sponse to the stronger winds associated with ENSO events (Prad-
han et al., 2006). Elevated primary production due to upwelling
nutrients can contribute to increased ﬂuxes of volatile trace com-
pounds (Hatton et al., 1998). The volatile trace gas dimethylsul-
phide (DMS) is important in the global biogeochemical cycling
of sulphur, and attracts research interest due to the potential of
DMS to inﬂuence climate by promoting aerosol and cloud forma-
tion following oxidation in the atmosphere (Charlson et al.,
1987).
The relationship between DMS, its precursor dimethylsulpho-
niopropionate (DMSP) and microplankton species composition is
complex. In general, certain microalgal taxa, the prymnesiophytes
and dinophytes, have higher levels of DMSP and DMSP-lyase
activity (DLA; the rate of enzymatic cleavage of DMSP to DMS)
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range of laboratory and ﬁeld studies. However, whilst DMS has
been measured in many ﬁeld campaigns (see the global DMS
database at http://saga.pmel.noaa.gov/dms/) rather fewer ﬁeld
studies provide a combined analysis of DMS and DMS-related
parameters with a detailed assessment of microplankton (auto-
trophic and heterotrophic plankton between 5 and 200 lm) bio-
mass, species composition and photosynthetic pigment
taxonomy. Physiologically, DMSP is a compatible solute and
might also represent a metabolic ‘overﬂow’ compound which
can quench oxidative stress and act as a grazing deterrent (see
Stefels et al., 2007 and references therein). Algal production of
DMSP is the primary pre-requisite for DMS, and until quite re-
cently bacterial demethylation of DMSP was considered to be
the key process limiting DMS production in seawater. However,
recent work highlights that DMS concentrations in the upper
ocean may be related to direct exudation from phytoplankton
cells (Gabric et al., 2008; Vallina et al., 2008). This ﬁnding under-
lines the need for increased research emphasis on the production
of DMSP and DMS by plankton.
Relatively few studies have investigated DMSP and DMS in
upwelling regions, and none of these have assessed DMSP-lyase
activity (DLA) and species composition simultaneously. Andreae
(1985) measured DMS in the Peruvian upwelling and concluded
that upwelling areas may be similar to non-upwelling coastal sys-
tems in terms of DMS ﬂux. Hatton et al. (1998) investigated
DMSP and DMS concentration inside and outside of the Galapagos
plume and recorded elevated DMSP and DMS in the plume. These
authors also investigated DMSP and DMS in the monsoon-driven
seasonal upwelling of the Arabian Sea (Hatton et al., 1999), where
they again found elevated DMSP and DMS in areas of elevated
primary production. In the case of the Arabian Sea upwelling, in-
creased DMSP appeared to correlate with 190-hexanoyloxyfuco-
xanthin, a haptophyte-speciﬁc pigment (Hatton et al., 1999).
More recent studies have simultaneously assessed DLA alongside
DMSP and DMS. Steinke et al. (2002a), working in coccolitho-
phore-dominated waters in the North Sea, found that DLA did
not correlate with DMSP or DMS, and proposed that DLA levels
were related to light intensity, and possibly also as an anti-graz-
ing adaptation. In a separate study in the North Atlantic, again in
a coccolithophore-dominated system, Steinke et al. (2002b)
attributed the majority of DLA to the coccolithophores, with a
separate and signiﬁcant contribution originating from the dino-
ﬂagellates during the later stages of a bloom. Bell et al. (2007)
measured DLA during an Atlantic meridional transect, and found
activity to be higher in the upper water column which was linked
to oxidative stress within the phytoplankton. Harada et al. (2004)
found the same pattern in the NW Atlantic and also linked the
distribution of DLA to oxidative stress.
In this study, we measured DMS, DMSP, and DLA with a cou-
pled analysis of microplankton composition in the Mauritanian
upwelling system, in order to investigate how the dynamic phys-
ical and biological conditions of the Mauritanian upwelling affect
DMS and related parameters. One of our aims was to try and
understand if general patterns could be identiﬁed between
microplankton community composition and the concentrations
of DMS, DMSP, and DLA. Climate change is already causing sig-
niﬁcant changes to the extent of water-column stratiﬁcation
(Behrenfeld et al., 2006) and this will likely affect the abundance
and distribution of microplankton taxa and, ultimately, the ﬂux
of the potentially climate-cooling gas DMS to the atmosphere.
In addition, upwelling intensity is predicted to increase due to
climate change (Bakun, 1990) which may also have conse-
quences for microplankton community structure and the produc-
tion of DMS within the microbial foodwebs of upwelling
systems.2. Materials and methods
2.1. Cruise track and seawater sampling
Sampling was performed during cruise M68/3 of the R/V Meteor
in the subtropical Atlantic between the 13th July 2006 and 2nd Au-
gust 2006. An offshore–inshore transect was completed moving
eastwards along 18N from 27W and further stations were then
occupied inshore east of 19W. This area is a well-known region
of upwelling and a map of the stations sampled is given in Fig. 1.
The cruise coincided with a large dust storm which is visible in
Fig. 1. Water was typically sampled from six depths per station
(5–60 m), using Niskin bottles and a rosette-sampling system ﬁt-
ted with a CTD array. In addition, water from an underway pumped
system was continuously monitored for ﬂuorescence, oxygen satu-
ration, sea surface temperature (SST) and CO2 fugacity (see Körtz-
inger et al., 1996 for technical details of the underway system).
Mixed-layer depths were estimated by identiﬁcation of the ther-
mocline from examination of temperature proﬁles. Water was
transferred from the Niskin bottles to 750 ml amber glass bottles
ﬁtted with gas-tight stoppers using Tygon tubing. The amber glass
bottles were allowed to overﬁll to ensure bubble-free seawater col-
lection. After collection, seawater was kept at surface temperature
and analysed within 4 h. For this study, all measurements were
depth-integrated over the upper 50 m of the water column, and
most ﬁgures and analyses are based on depth-integrated (0–
50 m) data. When no 50 m sample was available, we assumed
either a linear change in concentration with depth (when 40 m
and 60 m measurements were collected), or uniform values (when
no measurements deeper than 50 m were available).2.2. Microplankton species identiﬁcation and biomass calculation
2.2.1. Filter disk analysis – coccolithophores
Between 1 and 2 l of seawater was ﬁltered onto a 47 mm poly-
carbonate (1.2 lm isopore) ﬁlter (Millipore UK Ltd.) with 3 lm cel-
lulose nitrate ﬁlters (Millipore) as backing ﬁlters, under gentle
ﬁltration (5 cm Hg). The coccolithophore counts were carried out
on these ﬁlters, using a Zeiss Axioplan transmitted light micro-
scope at 1000 magniﬁcation under cross-polarised light (XPL)
illumination. Approximately 300 coccospheres were counted per
sample. Selected samples were also examined in a Phillips XL30
FEG scanning electron microscope, to check and reﬁne coccolitho-
phore and diatom identiﬁcations.2.2.2. Utermöhl analysis – all other microplankton
Water samples (100 ml) were preserved with 2% acidic Lugols
solution in brown glass bottles for the microscopic enumeration
of large microplankton taxa following the methodology of Hasle
(1978). Sub-samples (10–100 ml) of the preserved material were
settled in settling chambers (Duncan & Associates, UK) for 12–
24 h and examined under an inverted microscope (Brunel Micro-
scopes Ltd., UK). Settling volume was determined from relative
ﬂuorescence values and proﬁles. In most cases, taxa were counted
and identiﬁed during full examination of the settled volume (250
magniﬁcation), although in cases where there was a large amount
of material/cells, dominant taxa were counted on 1–2 transects of
the settling chamber (100, 250). Diatoms and dinoﬂagellates
were generally identiﬁed to genera or species following Tomas
(1997) and Round et al. (1990), while difﬁcult-to-identify taxa (cil-
iates, some naked dinoﬂagellates) were grouped by cell size. Auto-
trophic and heterotrophic dinoﬂagellates were partitioned
according to Tomas (1997) and Lessard and Swift (1986). For all
taxa, cell biomass (pg C cell1) was estimated from cell dimensions
(via light microscopy, literature or SEM images) using the equa-
Fig. 1. Sampling stations occupied during cruise M68/3 of the R/VMeteor inside and outside of the Mauritanian upwelling in July/August 2006. Bathymetry and MODIS Aqua
satellite chl-a data (20 day composite during sampling period; mg m3) is overlaid. The poor satellite data coverage in the SE of the map reﬂects a dust storm which covered
the area for an extended period during the cruise. Inset shows the general sampling area off Mauritania.
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(1966).2.3. Multivariate analysis of the microplankton community
Spatial variability of the integrated microplankton community
was assessed using the multivariate statistics programme PRI-
MER-E (Plymouth Routines In Multivariate Ecological Research, v.
6.1.6; Clarke and Warwick, 2001) through comparison of relative
microplankton group biomass (see Poulton et al., 2007). Column-
integrated microplankton biomass was square-root transformed
(slightly reducing the inﬂuence of diatom biomass; see Clarke
and Warwick, 2001) before calculating a Bray–Curtis similarity in-
dex, and analysing the resulting similarity index with both cluster
and non-metric multidimensional scaling (MDS) analysis in order
to identify relationships between samples. Further details on this
type of analysis and background to PRIMER-E can be found in
Clarke and Warwick (2001) see also Poulton et al. (2007).2.4. Photosynthetic pigments
For pigment analysis, 1–3 l of seawater was ﬁltered onto GF/F
ﬁlters, immediately frozen in liquid nitrogen and stored at
80 C prior to analysis. For analytical preparation, a 100 ll inter-
nal standard (containing 300 ng canthaxanthin) and 2 ml acetone
were added to each ﬁlter and homogenised for 3 min in a cell mill.
After centrifugation, the supernatant liquid was ﬁltered through
0.2 lm PTFE ﬁlters (Roth, Karlsruhe, Germany) and an aliquot
(100 ll) was placed in the autosampler which kept a temperature
of 4 C. Just prior to analysis the sample was mixed with 1 M
ammonium acetate solution in the ratio 1:1 (v:v) in the autosam-
pler and injected into the HPLC-system. Pigments were analysed
by reverse-phase HPLC using the method of Hoffmann et al.
(2006). This method separates chl-a and divinyl chl-a as well as lu-
tein and zeaxanthin completely. Chl-b and divinyl chl-b are also
distinguishable from each other, but they are not baseline sepa-
rated. Chl-a and divinyl chl-a were combined to obtain Total Chlo-
rophyll-a (TChl-a). Photosynthetic pigment data were used to
calculate a diagnostic pigment index (see Methods S1).2.5. Dimethylsulphide (DMS), particulate and dissolved dimethy-
lsulphoniopropionate (DMSPp and DMSPd), and DMSP-lyase activity
(DLA)
Technical difﬁculties during the ﬁrst part of the cruise led us to
reject the DMSPp and DMSPd data obtained so unfortunately DMSP
data are not available for all the samples collected, only a subset.
Small volumes of seawater were used (12 ml) and DMS was quan-
tiﬁed using a cryogenic purge and trap system (Turner et al., 1990)
after gentle syringe-ﬁltration through a 25 mm Whatman GF/F ﬁl-
ter (0.7 lm nominal pore size in a Millipore Swinnex ﬁlter holder)
to remove DMSPp. The same sample of seawater was used to make
coupled measurements of DMS, DMSPd and DMSPp. DMSPd was
quantiﬁed by purge and trap after purging DMS from the same ﬁl-
trate and then adding 1 ml of 10 M NaOH to cleave DMSPd to DMS.
The ﬁlters were placed in 4 ml gas-tight vials in 500 mM NaOH,
and DMS was quantiﬁed by purge and trap to quantify DMSPp.
We used a Shimadzu gas chromatograph with a FPD detector
(GC2010) with helium as the carrier gas, and the purge and trap
system used a liquid nitrogen trap (150 C) with oxygen-free
nitrogen as the purge gas. The system was calibrated frequently
using a commercial DMSP standard (Centre for Analysis, Spectros-
copy and Synthesis (CASS), University of Groningen, The Nether-
lands). Tests on the system conducted after the 3 week analysis
period, indicated a relative standard deviation of the DMS and
DMSPd measurement to be <5%, and 10% for DMSPp. DMS detection
limit was 0.1 nM, and 0.3 nM for DMSPd and DMSPp.
In vitro DMSP-lyase activity (DLA) was quantiﬁed by low-pres-
sure (<5 cm Hg) ﬁltering of between 2 and 3 l of seawater (pre-
screened using a 200 lm mesh) onto 47 mm Whatman GF/F
(0.7 lm pore size) ﬁlters. The ﬁlters were placed in cryovials,
snap-frozen in liquid nitrogen, and stored at 80 C before labora-
tory analysis approximately 6 months later. We used the enzyme
extraction protocol of Harada et al., (2004). Filters were placed in
20 ml glass vials with 6 ml of 200 mM TRIS buffer prepared in
500 mM NaCl solution (pH adjusted to 8.0 with HCl). Vials were
crimp-sealed after the addition of degassed DMSP substrate
(20 mM ﬁnal concentration), and accumulation of DMS in the
headspace of the vial was followed over the next 100–140 min
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Fig. 2. Depth-integrated biomass and chlorophyll-a (0–50 m) at 17 stations (top
panel) sampled during cruise M68/3 of the R/V Meteor inside and outside of the
Mauritanian upwelling in July/August 2006. Bottom panel shows relative biomass
of the major taxa as quantiﬁed by microscopy. The thin line at the bottom of the
lower panel indicates the stations sampled along the 18N transect (from East to
West) and the thicker line indicates all other stations (inshore between 16 and
19W) including those where elevated dimethylsulphide (DMS) was measured
(stations 288, 291 and 300).
D.J. Franklin et al. / Progress in Oceanography 83 (2009) 134–142 137depending upon the rate of the reaction. Vials were kept at a con-
stant temperature of 30 C, and four headspace samples were taken
for each vial using a Gerstel MPS autosampler connected to a Shi-
madzu GC2010. DMS production rate was calculated and corrected
for ﬁltration volume to give the rate of DLA. Blank vials (buffer +
blank ﬁlter + DMSP substrate) were simultaneously run to assess
abiotic substrate cleavage, which was then used to correct sample
values.
3. Results
3.1. Hydrography, nutrients, upwelling, and data analysis
At the stations furthest offshore (24–27W) the water column
was strongly stratiﬁed with a small chlorophyll ﬂuorescence max-
imum at around 60 m depth. Closer inshore (16–18W) the mixed-
layer depth shallowed with higher nutrients and chl-a generally
evident (Table 1). For the majority of the casts, the chlorophyll
ﬂuorescence maximum was between 20–40 m, but on a few occa-
sions (<10% of the casts) it was at 60 m or deeper, such deeper
chlorophyll maxima were only encountered offshore. According
to the underway system data waters in the vicinity of 20N and
18W (station 300) had the lowest sea surface temperatures as
well as high chlorophyll ﬂuorescence and CO2 fugacity, thus clearly
indicating freshly upwelled water (T. Steinhoff pers. comm.). From
this area, upwelled water moved south and west where it mixed
with older upwelled water to form ﬁlaments and eddies, and the
highest chl-a values of the cruise were encountered in this region
as microplankton biomass became maximal. For the data analysis
and presentation we have broadly divided the dataset into two
parts: the transect along 18N from 26W to 17W (stations 258–
276), and a section of inshore stations including a series at 20N
where the most pronounced upwelling was encountered (stations
288–308). These two areas provide a strong contrast between sta-
ble, stratiﬁed oceanic waters and strong upwelling with greater
mixing and microplankton biomass.
3.2. Microplankton biomass – dominant species
Along the 18N transect, coccolithophores and autotrophic
dinoﬂagellates dominated depth-integrated microplankton bio-
mass at the stations west of 21W, while diatoms dominated
depth-integrated biomass at the stations east of 21W (Fig. 2).
For more species information, please see the supplementary infor-Table 1
Average (± S.D.) water-column properties for station clusters 1–4 as identiﬁed by cluster analysis (see text). Mixed-layer depth (MLD), deep ﬂuorescence maxima depth (DFM),
and sea surface temperature (5 m depth; SST) were derived from CTD data. Nitrate and silicate were measured colorimetrically in an autoanalyzer system after Hansen and
Koroleff (1999). Note: chl-a concentrations represent calibrated in situ ﬂuorescence (see methods).
Clusters 1 2 3 4
Stations 268, 272, 288, 293, 301, 302, 304, 308 271, 291, 276 264, 300 258a, 258b, 260, 262
Total microplankton biomass (mg C m2) 2124.3 (2015.9) 402.2 (93.6) 311.0 (271.7) 50.4 (10.3)
Diatoms (%) 86.7 (7.5) 67.2 (6.5) 20.8 (11.6) 10.8 (1.7)
Coccolithophores (%) 1.1 (0.7) 7.7 (7.6) 2.0 (0.1) 40.1 (2.1)
Autotrophic dinoﬂagellates (%) 5.8 (3.3) 15.1 (1.3) 41.4 (12.0) 28.2 (3.7)
Heterotrophic dinoﬂagellates (%) 1.8 (1.2) 3.3 (1.5) 15.5 (1.7) 11.3 (2.7)
Planktonic ciliates (%) 4.6 (4.6) 6.6 (0.0) 20.3 (1.5) 9.6 (1.6)
Diatom species richness 29.9 (5.1) 23.3 (4.9) 19.0 (4.2) 12.8 (2.9)
Coccolithophore species richness 13.1 (5.9) 19.3 (10.2) 10.0 (5.7) 20.3 (4.8)
Mixed-layer depth (m) 31.9 (11.3) 28.0 (2.0) 29.0 (4.2) 48.8 (6.2)
Chlorophyll-a (mg m2) 77.1 (28.6) 44.9 (9.8) 32.4 (1.6) 12.4 (1.4)
DFM (m) 20.7 (12.2) 20.5 (9.9) 25.1 (6.9) 68.1 (9.5)
SST (C) 24.6 (1.3) 24.8 (0.6) 22.7 (1.5) 24.6 (0.4)
Nitrate (lM kg1) 7.1 (6.1) 6.3 (5.8) 2.4 (1.9) 0.1 (0.08)
Silicate (lM kg1) 3.1 (1.8) 1.6 (0.8) 1 (1.1) 0.3 (0.05)
DMS (lmol m2) 122.2 (98.9) 197.1 (212.9) 190.5 (239.2) 55.3 (9.7)
DLA (lmol m2 h1) 395.7 (170.4) 334.3 (95.9) 293.0 (94.2) 651.3 (322.2)
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richness (total number of species) showed opposite trends, with
the highest number of coccolithophore species (>20) found at the
low biomass stations offshore. Inshore at the high diatom biomass
stations, coccolithophore species richness was low (<10). The high-
est numbers of diatom species (20–30) were found at the inshore
stations where diatom biomass was relatively high (Fig. 2),
whereas low numbers of diatom species (<20) were found offshore
(Table 1). At offshore stations along the 18N transect, both hetero-
trophic dinoﬂagellate and planktonic ciliate biomass were 10–
15% of total microplankton biomass, although the relative plank-
tonic ciliate biomass increased to 20% at station 264 (Fig. 2). In
contrast, at most inshore stations both heterotrophic dinoﬂagellate
and planktonic ciliate biomass was < 5%, although there were sev-
eral important exceptions to this: heterotrophic dinoﬂagellates ac-
counted for 17% of depth-integrated microplankton biomass at
station 300, while planktonic ciliates accounted for 19% and 15%
of depth-integrated microplankton biomass at stations 300 and
301, respectively (Fig. 2).3.3. Microplankton composition – multivariate analysis
Group-averaged cluster analysis of between station similarity
separated four clusters of stations at the 85% Bray–Curtis similarity
level (Table 1): cluster 1 (268, 272, 288, 293, 301, 302, 304, 308),
cluster 2 (271, 276, 291); cluster 3 (264, 300) and cluster 4
(258a, 258b, 260, 262). At a slightly lower level of similarity
(80%) three clusters are evident, whereas at a higher level of
similarity (90%) only cluster 1 breaks into sub-clusters (Fig. 3).
Non-metric MDS analysis shows how these clusters ﬁt into two-
dimensional space and is useful in examining the causes of the
differences between clusters in terms of microplankton group
biomass. Generally, each of the microplankton groups shows a gra-
dient in terms of their relative biomass between station clusters:
diatom biomass decreases between cluster 1 and cluster 4, while
coccolithophore, autotrophic and heterotrophic dinoﬂagellate bio-
mass all increase between cluster 1 and cluster 4 (Table 1). In con-
trast, planktonic ciliate biomass does not show a clear gradient
between the station clusters. These patterns are also supported
by comparison of average values of microplankton group contribu-
tions to total depth-integrated biomass (Table 1). Average inte-
grated total (absolute) microplankton biomass and TChl-a show a
gradient of decreasing values from station cluster 1 to cluster 4.
Diatom species richness decreased from cluster 1 to 4 whereas coc-
colithophore species richness increased. Average mixed-layerFig. 3. Community analysis of microplankton inside and outside of the Mauritanian
upwelling in July/August 2006. Multi-dimensional scaling ordination of sampling
stations based on 80–90% Bray–Curtis similarity (see text for details).depths, depth-integrated DMS and depth-integrated DMSP-lyase
for each station cluster show little difference between clusters.
The only clear difference between station clusters is the low
depth-integrated DMS for cluster 4 (offshore stations; Table 1).
3.4. Photosynthetic pigments
Along the 18N transect chl-a concentration was low between
27 and 24Wwith concentrations of typically less than 0.2 mg m3.
Between 22 and 16W the inﬂuence of the upwelling could be seen,
with chl-a increasing to values approaching 2 mg m3. In the re-
gion of the 20N upwelling high, compared with the 0.5–
1 mg m3 1998–1999 average of Pradhan et al. (2006), chl-a was
detected of almost 5 mg m3. These high values of chl-a were con-
centrated in the top 30 m of the water column and coincided with
the lowest SST and highest fCO2 encountered during the cruise.
Diatom genera (mainly Chaetoceros, Thalassiosira, and Pseudonitzs-
chia) dominated the microplankton biomass at these stations,
and contributed the vast majority of the increase in chl-a and bio-
mass (Fig. 2). Oceanic stations and inshore/upwelling stations
showed clear differences in the diagnostic pigment (DP) index
(Table 2). Oceanic stations 258 and 260 had 10% or lower relative
diatom biomass, with around 60% of the (chlorophyll) biomass ac-
counted for by cyanobacteria. Closer inshore, diatoms nearly al-
ways accounted for the majority (>60%) of chlorophyll biomass.
Amongst the three stations with markedly elevated DMS (see be-
low) a high relative biomass of dinoﬂagellates was found at station
300, and of prymnesiophytes at station 291. Of the nine stations for
which we were able to calculate the DP index, the majority (eight
stations), had nanoﬂagellates as the second greatest component of
the relative chlorophyll biomass (Table 2).
3.5. Dimethylsulphide (DMS), particulate and dissolved
dimethylsulphoniopropionate (DMSPp and DMSPd), and DMSP-lyase
activity (DLA)
DMS concentration in surface (5 m) water samples taken along
the 18N transect showed a clear offshore–inshore difference
(Fig. S1) reﬂecting the changing water-column conditions and
increasing biomass of the microbial populations. Offshore, DMS
concentration through the entire water column was around 1 nM
or less. Inshore, DMS concentration reached up to 14 nM and was
concentrated in the mixed layer. On the 18N transect DMS was
maximal at the most coastal station (station 276). Elsewhere in
the inshore region, DMS was generally higher (around 2 nM) and
at three stations, surface DMS was notably elevated at concentra-
tions between 9 and 14 nM. One of these stations was in the region
of the 20N upwelling area (station 300), one further south (station
291) and the third station (station 288) was further offshore. This is
reﬂected in depth-integrated (0–50 m) DMS with elevated and
more variable DMS (up to 400 lmol m2 at station 291) within
the upwelling (Fig. 4). In terms of species composition the three
stations with notably elevated DMS concentrations were distinct
and unlike each other, and all clustered separately according to
the PRIMER analysis.
Because of the technical problem with the DMSP analysis we
only have data for 12 stations, some of which do not correspond
with the microplankton and DLA dataset. We prioritised our DLA
sample analysis to correspond with those samples for which we
were also able to do the taxonomic analysis. The limited DMSP
dataset includes the 20N upwelling area but does not include
the 18N transect (see Fig. S1 for surface map). DMSPd concentra-
tion ranged from below detection to 12 nM with a median value
of 1.9 nM (mean of 2.3 nM). DMSPp concentration varied between
0.01 and 24.4 nM with a median value of 6.5 nM (mean of 7.5 nM).
DMSPd correlated with DMSPp (q = 0.58, P < 0.001, n = 58) and DMS
Table 2
Integrated (0–50 m) phytoplankton relative biomass (% TChl-a), as calculated from diagnostic pigment analysis. Note: TChl-a concentrations represent calibrated in situ
ﬂuorescence (see methods).
Station Diatoms (FUCO) Dinoﬂagellates (PER) Cyanobacteria (ZEA) Prymnesiophytes (190-HF) Nanoﬂagellates (190BF + ALLO + chl-b)
258a 9 1 57 8 26
260 10 2 66 10 12
288 74 3 3 7 12
291 36 8 3 23 30
293 61 2 12 5 20
300 61 21 1 7 10
301 79 4 4 4 9
302 79 3 7 2 9
308 69 5 10 4 13
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Fig. 4. Depth-integrated (0–50 m) dimethylsulphide and DMSP-lyase activity (top
panel) sampled during cruise M68/3 of the R/VMeteor in the Mauritanian upwelling
in July/August 2006, and dimethylsulphoniopropionate (DMSP) in the dissolved
(DMSPd) and particulate (DMSPp) fractions (bottom panel). The thin line at the top
of the upper panel indicates the stations sampled along the 18N transect (from
East to West) and the thicker line indicates all other stations (‘inshore’ between 16
and 19W).
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DMS (q = 0.02, P > 0.05, n = 61). Correlation analysis (Spearman)
was performed with SigmaStat (v. 3.11).
On the 18N transect DLA varied between 0–38 nM DMS h1
with a mean value of 9 nM DMS h1 (n = 54), and showed a surface
(5 m depth) peak at station 288, one of the stations with elevated
DMS (see Fig. S1 for surface map). Maximum DLA occurred at 60 m
depth at stations 260 and 262 which corresponded to a subsurface
peak of the coccolithophore Umbilicosphaera. These very high DLA
values are reﬂected in the depth-integrated value (Fig. 4) which
shows a strong offshore peak at stations 260 and 262. In the
20N upwelling region DLA was highest in the ﬁrst 30 m and ran-
ged between 1–19 nM DMS h1 with a mean value of 5.5 nM DMS
h1 (n = 15). When all available data were pooled DLA correlated
with DMSP particulate (q = 0.89, P < 0.001, n = 18) and DMSP dis-solved (q = 0.83, P < 0.001, n = 18) but not with DMS (q = 0.3,
P > 0.05, n = 18). DLA did not correlate with chl-a or with total
microplankton biomass nor with any major taxa (P > 0.05 for all
tests) except for dinoﬂagellates (autotrophic and heterotrophic
species) and coccolithophores where signiﬁcant positive correla-
tions were found (P < 0.05). The ratio of DLA:chl-a was higher at
offshore stations compared with stations at the 20N upwelling
with a mixed-layer mean value of 2.81 nM DMS min1 lg chl-a1
at two offshore stations (stations 258 and 260), and 0.06 nM
DMS min1 lg chl-a1 at three upwelling stations (stations 300,
301, and 302).4. Discussion
4.1. DMS and microplankton in the Mauritanian upwelling
Previous measurements of dimethylsulphide (DMS) in this re-
gion, retrieved from the global surface seawater DMS database at
(http://www.saga.pmel.noaa.gov/dms/), indicate a range of 0.1–
19.2 nM, median = 2.8 nM (n = 71, all months, mean = 4.1 nM),
with the highest values concentrated just south of the 20N
upwelling. Our dataset is in good agreement with these archived
data, and conﬁrms the role of upwelling in stimulating high micro-
plankton biomass and elevated DMS concentrations in this region.
It also highlights the clear diatom domination of the microplank-
ton in the upwelling system and the patchy distributions of DMSP,
DMSP-lyase activity and DMS. Detailed taxonomic information on
species composition in the Mauritanian upwelling appears to be
restricted to a study by Margalef (1973) and a study further to
the north at Cape Corbeiro (Blasco et al., 1980). The latter study
used principal component analysis of hydrographic data and con-
cluded that microplankton diversity was increased by the greater
physical heterogeneity caused by the upwelling (Blasco et al.,
1980). Margalef (1973) conducted taxonomic analyses in this re-
gion, and found that diatoms showed the strongest increase in
abundance due to upwelling, although there was a general increase
in the biomass of all taxa due to upwelling. This pattern is con-
ﬁrmed in our data set, where upwelling induced sharp increases
in diatom biomass and species richness, with maximal diatom bio-
mass at stations at and just to the south of the 20N upwelling re-
gion (biomass up to 204 mg C m3, 85% of total microplankton
biomass, station 304). Such a situation, where diatoms dominate
the initial stages of succession in coastal upwelling systems, has
been described for the NW Africa upwelling system (Estrada and
Blasco, 1985) and in other coastal upwelling systems (Lassiter et
al., 2006). Our observations of the Mauritanian upwelling agree
with this picture but also highlight the signiﬁcant contribution
from other microplankton types, and it is the succession of these
types with the rapidly changing conditions of the upwelling that
most likely leads to the differences in DMS and DLA between oce-
anic and upwelling stations.
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Until recently algal and bacterial DMSP-lyase activities (DLA:
the cleavage of DMSP to release DMS, acrylate and a proton) were
assumed to be the major potential routes for the conversion of
DMSP to DMS in seawater. Recently, molecular tools have been
used to conﬁrm that somemarine bacteria have a gene that confers
DMSP-lyase activity, whilst others release DMS from DMSP via a
DMSP acyl CoA transferase pathway (Curson et al., 2008; Todd et
al., 2007). This may mean that the term DMSP-lyase (DLA) should
be replaced, given that the term ‘lyase’ is an invalid term for this
new pathway; here we retain the term to agree with previous
work. The signiﬁcance of these bacterial pathways in the sea is un-
known. The situation for algal DLA is even less clear in that nothing
is yet known of the molecular pathway in any microplankton spe-
cies. However, the recent realisation that traditional approaches to
measure dissolved DMSP (DMSPd) have resulted in substantial
overestimations (Kiene and Slezak, 2006) has forced a reappraisal
of DMS generation in nature: algal DLA potentially plays a greater
role because the availability of DMSPd to bacteria has been greatly
overestimated (Archer, 2007). Our method for measuring DMSPd
was similar to a new method that minimises ﬁltration artefacts
by using a relatively low ﬁltration volume (Kiene and Slezak,
2006). The range of values we obtained for DMSPd lend support
to the idea that DMSPd is generally lower than previously thought
(Kiene and Slezak, 2006). Previous studies of DMSPd in upwelling
systems report median values of 4 nM and 9 nM (Hatton et al.,
1998, 1999) which are higher than our median estimate of 1.9 nM.
4.3. Interpretation of DMSP-lyase measurements
When the DLA dataset from the entire cruise was pooled we
found a signiﬁcant correlation between DLA and total dinoﬂagellate
biomass, and DLA and coccolithophore biomass, but no signiﬁcant
correlation with chl-a or total microplankton biomass. Previous
studies which apportioned algal DLA to speciﬁc components of the
microbial food web (Steinke et al., 2002b) demonstrated the clear
potential of coccolithophores and dinoﬂagellates to convert DMSP
to DMS and our study also suggests that these two taxa contribute
signiﬁcantly to community DLA. Maximal DLA (40 nM DMS h1)
in the 18N transect was associated with a subsurface biomass peak
of coccolithophores (mainly Umbilicosphaera sibogae) at two of the
oceanic, offshore stations (stations 260 and 262). The coccolitho-
phore Emiliania huxleyi shows high levels of DLA in laboratory stud-
ies (Steinke et al., 1998) and E. huxleyi, along with several other
coccolithophore species, was present at these two stations. How-
ever, coccolithophore biomass at these two stations was dominated
by U. sibogae and the only laboratory investigation of DLA in U. sibo-
gae (Franklin et al. in prep.) found no activity. DLA in nature is
thought to reﬂect environmental conditions, and signiﬁcant varia-
tion exists in the range of activities recorded from a variety of oce-
anic regimes (references in Bell et al., 2007). Conditions which
cause oxidative stress (high light and low nutrients) are hypothe-
sized to increase DLA in phytoplankton cells, and for that reason
the ratio DLA:chl-a, which is generally higher in surface waters,
has been investigated. In some settings, DLA correlates with diadi-
noxanthin, a photoprotective xanthophyll, (Steinke et al., 2002a;
Harada et al., 2004) and this, combinedwith the putative free radical
quenching role of DMSP, presumably initiated by catabolism of
DMSP to DMS and acrylate via DLA (Sunda et al., 2002), has led to
the idea that DLA will vary in parallel with oxidative stress. On the
other hand, the ﬁeld dataset of Bell et al. (2007) indicated no corre-
lation betweenDLA and diadinoxanthin in oligotrophic Atlantic sur-
face waters, but since the DLA:chl-a ratio was higher in surface
waters a relationship betweenDLA and oxidative stressmay still ex-
ist (Bell et al., 2007). In this studywedid ﬁnd higherDLA:chl-a ratiosin surfacewaters andmuch lower DLA:chl-a ratios at upwelling sta-
tions compared to offshore stations. The degree of water-column
mixing and photoacclimation will likely be key determinants in
whether or not a link canbemadebetweenDLAandoxidative stress.
In non-stratiﬁed waters there is no deep chlorophyll maximum and
the amount of chlorophyll per unit of algal biomass will not reﬂect
distinct photoacclimatory regimes throughout the water column.
In addition, the heterotrophic component of themicroplankton bio-
mass formed a greater proportion of the microplankton at stratiﬁed
stations, and some heterotrophic protists are known to have DLA.
Both of these factors mean that an association between the chl-
a:diadinoxanthin ratio and the DLA:chl-a ratio with depth may not
necessarily indicate oxidative stress on the part of the autotrophic
biomass in surfacewaters. For these reasonswe conclude thatwhile
the DLA assay does indicate the maximum potential conversion of
DMSP to DMS, a better test of the microalgal potential to mediate
this important reaction should be found by characterising the
molecular pathway of microalgal DLA, and ideally, to eventually
achieve expression-based rather than activity-based assays.
4.4. Microplankton biomass and DMS
Our dataset highlights the clear contrast in DMS and micro-
plankton community structure between oceanic stratiﬁed stations
and coastal upwelling areas. Our similarity analyses clustered our
sampling stations into four groups (Table 1; Fig. 3). The largest
two of these reﬂected the oceanic coccolithophore-dominated and
upwelling diatom-dominated communities, with two smaller
groups representing intermediate communities. In coccolitho-
phore-dominated oceanic waters low DMS concentrations predom-
inate, despite the fact that coccolithophores are known from
laboratory and ﬁeld studies to have high levels of DMSP and DLA
(Steinke et al., 2002a). At the upwelling stations, generally higher
DMS concentrations reﬂect the higher microplankton biomass
and productivity, and therefore the likely increased biomass turn-
over (elevated growth, grazing and mortality rates) and rapidly
changing community composition stimulated by the upwelling.
The fact that the three high DMS stations all fall into different sim-
ilarity clusters reﬂects how difﬁcult it is to link DMS and micro-
plankton species composition, especially when bacterial use of
DMS, the ﬂux of DMS to the air, and photochemical oxidation all
inﬂuence water phase DMS concentrations. Our pigment data sug-
gest that nanoﬂagellates were signiﬁcant components of the bio-
mass throughout this region, in agreement with Marañón et al.
(2001) who found substantial increases in the contribution of nano-
ﬂagellate plankton to total biomass in the Mauritanian upwelling.
The nanoﬂagellates are thought to be a signiﬁcant source of partic-
ulate DMSP (Belviso et al., 2001). Although ourmicroscopic analysis
quantiﬁed the biomass of ﬂagellates, we do not present these data
since the biomass approach for these organisms is inherently difﬁ-
cult and therefore we are not fully conﬁdent in the robustness of
these data. The diagnostic pigment data (Table 2) indicated that
the relative biomass of nanoﬂagellates was approximately 10% or
more for a range of stations and it is likely that such organisms con-
tributed to the levels of DMS and DMSP observed. In this regard
additional ﬂow cytometric characterisation would be useful in fu-
ture upwelling campaigns, however, a complication exists in that
the pigment and biomass approaches do not easily reconcile due
to the heterotrophic, autotrophic and mixotrophic nature of nano-
ﬂagellate plankton. In general, nanoﬂagellates remain a relatively
poorly constrained group in the microbial foodweb.
4.5. DMS and upwelling systems
The high spatial and temporal variability of upwelling systems
make generalisations between systems difﬁcult and adds to the
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plateau (an Island-forced area of natural Fe upwelling) concluded
that DMS was not likely to be elevated compared with surrounding
oligotrophic areas since diatoms responded more than nanoﬂagel-
lates in terms of biomass, and bacterial consumption of DMS is also
increased (Belviso et al., 2008). Therefore, the conclusions of Fe-
fertilisation studies, which add Fe from above, may not carry over
to natural upwelling systems in which Fe is provided from below
(Belviso et al., 2008). In the Mauritanian system, coastal upwelling
provides nutrients and the area is also subject to substantial inputs
of Fe from aerial deposition. Therefore the Mauritanian system pre-
sents a mixed pattern of nutrient input in comparison to the Ker-
guelen plateau system. In contrast with the conclusions of
Belviso et al. (2008) on the Kerguelen upwelling, we would suggest
that the patchiness in DMS concentrations in the Mauritanian sys-
tem will lead to an increased potential for DMS emission from the
upwelling area compared to surrounding low-productivity waters.
The patchiness of microplankton production, and consequent
patchiness (and elevated) DMS, was also noted by Andreae
(1985) in the Peruvian upwelling. Andreae (1985) found a mean
DMS concentration of 3 nM (maximum of >40 nM) in the Peruvian
upwelling system, and did not consider that, in general, the ﬂux
that would result from coastal upwelling systems would be greater
than emissions of DMS in non-upwelling coastal systems. Given
our ﬁnding of increases in DMS alongside diatom domination of
the microplankton biomass we suggest that the conclusions of An-
dreae (1985) may also hold for the Mauritanian upwelling.
4.6. Upwelling systems, DMS and climate change
Lastly, it is worth considering the data presented here in the
light of climate change. DMS concentrations tend to be low in
low biomass coccolithophore-dominated stratiﬁed tropical and
subtropical waters, but such waters are still inﬂuential in terms
of the global sulphur cycle because production continues over
much of the year and the areas involved are large. If global
water-column stratiﬁcation increases in areal extent with climate
change (Behrenfeld et al., 2006) then subtropical coccolithophore
communities may increase in importance. In such systems stratiﬁ-
cation limits nutrient availability and favours a low microplankton
biomass of K-selected species such as DMSP-producing coccolitho-
phores. However, whilst DMSP concentrations may be relatively
low, stratiﬁcation increases the irradiance-driven inhibition of bac-
terial sulphur uptake and phytoplankton stress, both of which tend
to increase DMS levels (Vallina et al., 2008). In addition to increases
in the extent of stratiﬁcation in oceanic regions, climate change
may increase the strength of alongshore wind stress and thereby
stimulate an acceleration of coastal upwelling (Bakun, 1990) and
enhance the potential for sea-to-air gas exchange. In some areas
an altered annual timing of upwelling may result, leading to reduc-
tions in overall ecosystem productivity because of trophic decou-
pling (Barth et al., 2007). In general, a greater upwelling intensity
should promote diatom production followed by a secondary pro-
duction of dinoﬂagellates and other ﬂagellates. Since such taxa
produce a greater amount of DMSP per unit of volume then, over-
all, upwelling systems may show an increased annual DMSP pro-
duction and hence a greater potential for DMS release from the
microbial foodweb.
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